Cilia are thought to harbour a membrane diffusion barrier within their transition zone (TZ) that compartmentalises signalling proteins. How this "ciliary gate" assembles and functions remains largely unknown. Contrary to current models, we present evidence that Caenorhabditis elegans MKS-5 (orthologue of mammalian Mks5/Rpgrip1L/Nphp8 and Rpgrip1) may not be a simple structural scaffold for anchoring > 10 different proteins at the TZ, but instead, functions as an assembly factor. This activity is needed to form TZ ultrastructure, which comprises Y-shaped axoneme-tomembrane connectors. Coiled-coil and C2 domains within MKS-5 enable TZ localisation and functional interactions with two TZ modules, consisting of Meckel syndrome (MKS) and nephronophthisis (NPHP) proteins. Discrete roles for these modules at basal body-associated transition fibres and TZ explain their redundant functions in making essential membrane connections and thus sealing the ciliary compartment. Furthermore, MKS-5 establishes a ciliary zone of exclusion (CIZE) at the TZ that confines signalling proteins, including GPCRs and NPHP-2/inversin, to distal ciliary subdomains. The TZ/CIZE, potentially acting as a lipid gate, limits the abundance of the phosphoinositide PIP 2 within cilia and is required for cell signalling. Together, our findings suggest a new model for Mks5/Rpgrip1L in TZ assembly and function that is essential for establishing the ciliary signalling compartment.
Introduction
Cilia are organelles that grow from a modified centriole (basal body) and possess diverse functions employed by most animal cell types (Satir & Christensen, 2007; Pedersen & Rosenbaum, 2008; Gerdes et al, 2009; Drummond, 2012) . Motile cilia propel gametes, generate flow across cell surfaces, and have sensory functions. Non-motile (primary) cilia play key roles in chemosensation/olfaction, mechanosensation, and photosensation. Several signalling pathways, orchestrated by chemoreceptors, G-protein-coupled receptors (GPCRs), Hedgehog signalling components, and cyclic nucleotideproducing guanylate/adenylate cyclases, are known to be ciliumassociated (Wong & Reiter, 2008; Veland et al, 2009; Johnson & Leroux, 2010; Goetz and Anderson, 2010; Wallingford & Mitchell, 2011; Christensen et al, 2012) . Hence, cilia are critical for vertebrate physiology and development, and their disruption cause human disorders (ciliopathies) that collectively affect nearly all organs (Baker & Beales, 2009; Nigg & Raff, 2009; Bettencourt-Dias et al, 2011; Lee & Gleeson, 2011; Oh & Katsanis, 2012) .
Primary cilia are believed to function as cellular antennae by compartmentalising signal transduction molecules within a membrane-bound compartment that is compositionally distinct from the cell body (Pazour & Bloodgood, 2008; Emmer et al, 2010) . Evidence of a membrane diffusion barrier or "gate" at the ciliary base is starting to emerge-in particular with the proximal-most region of the cilium, termed transition zone (TZ), playing important roles (Craige et al, 2010; Garcia-Gonzalo et al, 2011; Williams et al, 2011; Chih et al, 2012; Garcia-Gonzalo & Reiter, 2012; Reiter et al, 2012; Awata et al, 2014) . The TZ is characterised by Y-shaped ultrastructures that make microtubule axoneme-to-ciliary membrane connections and likely compose/organise a "ciliary necklace" consisting of a series of annular intramembrane particles of unknown function (Gilula & Satir, 1972; Fisch & Dupuis-Williams, 2011; Reiter et al, 2012) .
Recently, eleven Caenorhabditis elegans proteins were localised to the TZ, and most were attributed roles in restricting inappropriate entry of periciliary membrane-associated protein (TRAM-1) or retinitis pigmentosa 2 (RPI-2) into cilia (Williams et al, 2008 Huang et al, 2011; Roberson et al, 2015) . Genetic and cell biology analyses suggest that nematode TZ proteins group into two functional modules: an "MKS" module containing MKS-1 (orthologue of mammalian Mks1), MKSR-1 (B9d1), MKSR-2 (B9d2), MKS-2 (Tmem216), MKS-3 (Tmem67), , and JBTS-14 (Tmem237); and, an "NPHP" module consisting of NPHP-1 and NPHP-4 (orthologues of Nphp1 and Nphp4, respectively; Huang et al, 2011; Williams et al, 2011) . Abrogating individual TZlocalised MKS or NPHP module proteins, or multiple proteins within one module, has little apparent impact on nematode ciliogenesis. However, disrupting any MKS module protein in combination with NPHP-1 or NPHP-4 results in synergistic defects, including loss of basal body-TZ membrane anchoring, loss of TZ ultrastructure, and axoneme malformations (Huang et al, 2011; Williams et al, 2011) . Localisation experiments corroborate the notion of two independent modules; specifically, some MKS module components mislocalise in MKS mutants, and NPHP-1 is mislocalised in the absence of NPHP-4; conversely, disruption of MKS proteins does not affect NPHP proteins, and vice versa. The molecular basis or reason for the existence of two modules is not understood. Intriguingly, MKS-5 (Rpgrip1/Rpgrip1L orthologue) appears to hold a more "central" position at the TZ, potentially bridging both modules (Huang et al, 2011; Williams et al, 2011; Roberson et al, 2015) . How the coiledcoil and C2-domain containing MKS-5 protein performs this role is unknown, but could conceivably be as a "scaffold" that links the various TZ proteins to the axoneme and potentially the membrane at the TZ.
Most mammalian counterparts of the above-mentioned proteins are also TZ-localised and modulate the ciliary entry/exit of various proteins; notably, their abrogation is associated with compromised Hedgehog signalling Sang et al, 2011; Chih et al, 2012; Roberson et al, 2015) and linked to one or more related ciliopathies, including Meckel syndrome (MKS), Joubert syndrome (JBTS), nephronophthisis (NPHP), Bardet-Biedl syndrome (BBS), Leber's congenital amaurosis (LCA), and oral-facial-digital syndrome (OFD). These ciliopathies are characterised by overlapping clinical ailments encompassing brain and skeletal malformations, kidney disease, and retinal degeneration (Baker & Beales, 2009; Hildebrandt et al, 2011; Lee & Gleeson, 2011; Novarino et al, 2011; Oh & Katsanis, 2012) .
Given the evolutionary conservation, ultrastructural complexity, and essential signalling functions of the TZ, we strive to shed light on its molecular composition and organisation, as well as mechanism of formation and function, using C. elegans as a model system. Our findings suggest a novel role for MKS-5 in the biogenesis and function of the TZ. First, we provide evidence that MKS-5 (Rpgrip1L/Rpgrip1) acts as an assembly factor for building the TZ rather than a simple scaffold for all TZ proteins, including the C. elegans orthologues of the mammalian TZ proteins, Tmem17 and Tmem138 (Chih et al, 2012; Lee et al, 2012) . This function is required for the formation of characteristic TZ ultrastructure, and correct cellular signalling. We dissect the coiled-coil and C2 domains of MKS-5 to reveal their functional interactions with MKS and NPHP module components, and illuminate how the MKS/NPHP modules perform redundant roles in sealing the ciliary compartment at the transition fibres and TZ. Importantly, we demonstrate that MKS-5 establishes a ciliary zone of exclusion (CIZE), which excludes signal transduction proteins and compartmentalises them within the ciliary compartment. Finally, we show that phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is enriched at the periciliary membrane compartment and excluded from the cilium in an MKS-5-dependent manner. Collectively, our findings provide mechanistic insights into the role of MKS-5 in the formation and function of an important subciliary domain required for the compartmentalisation of signalling proteins, and cellular signalling.
Results

Identification of TMEM-17 and TMEM-138 as C. elegans transition zone proteins
In genome-wide screens for candidate C. elegans ciliary genes, we identified ZK418.3/tmem-17 and F10B5.9/tmem-138 as possessing X-box motifs, suggesting regulation by the ciliogenic RFX transcription factor DAF-19 (Blacque et al, 2005; Chen et al, 2006) . Tmem17 belongs to a protein superfamily with two additional members in mammals, Tmem80 and Tmem216, while C. elegans (like protists and other "basal" metazoans) encodes only two members, tmem-17/Tmem17 and mks-2/Tmem216; notably, Mks2/Tmem216 is associated with MKS and JBTS (Valente et al, 2010) . To shed light on the possible ciliary functions of C. elegans TMEM-17 and TMEM-138, we created transgenic lines bearing GFP translational fusion constructs driven by their endogenous promoters.
Consistent with having ciliary roles, both genes are expressed exclusively in most or all ciliated sensory neurons (data not shown). Furthermore, both TMEM-17 and TMEM-138 are highly enriched in a~0.8-lm-long region immediately distal to the basal body-associated transition fibres (Fig 1A and B ; transition fibres and axonemes are marked with the intraflagellar transport (IFT) protein, XBX-1/ DLIC) (see also Roberson et al, 2015) . This localisation pattern is precisely like other TZ-localised proteins (Williams et al, 2008, A Schematic depicting phasmid (tail) cilia at dendritic tips (DTs), including basal body-associated transition fibres (TFs) and transition zone (TZ). B TMEM-17::EGFP and TMEM-138::EGFP localise to the TZ in some, but not all, TZ mutants indicated; lack of localisation is denoted by a dotted ellipse. The co-marker tdTomato-tagged XBX-1 marks TFs and the ciliary axoneme. C MKS and NPHP protein localisation in mks-2 and tmem-17 mutants. In mks-2 animals, MKS-1, MKSR-1, MKSR-2, MKS-3, MKS-6, and TMEM-17 are delocalised (dotted ellipse) but NPHP-1, NPHP-4, and MKS-5 remain at the TZ. All tested TZ proteins remain at the TZ of the tmem-17 mutant. D NPHP-4 and NPHP-1 localise to both the TZ and TFs in wild-type animals, but are only found at TFs in the mks-5 mutant. The CHE-13 reporter shown marks TFs and the entire axoneme. Note the specific overlap (see merge) between NPHP-1 and NPHP-4 with the TF in the mks-5 mutant. Victor L Jensen et al Mks5/Rpgrip1L establishes the ciliary gate The EMBO Journal 2011; Huang et al, 2011) . Our findings corroborate the recent discovery that mammalian Tmem17 is a TZ protein, as is Tmem138; notably, the latter protein is implicated in JBTS (Chih et al, 2012; Lee et al, 2012) . In the sections below, we integrate these proteins into an expanded TZ functional interaction network.
Transition zone formation and sealing of ciliary compartment requires TMEM-17 and MKS-2 working together with NPHP-4
We acquired likely null mutants of tmem-17, tmem-138, and mks-2 and tested these for uptake of the lipophilic fluorescent dye, DiI, which permeates sensory neurons through intact, environmentally exposed cilia (Inglis et al, 2009) . Whereas IFT/BBS mutants with compromised ciliary structures have strong dye-filling (Dyf) defects (Perkins et al, 1986; Starich et al, 1995; Blacque et al, 2004) , tmem-17 and tmem-138 mutants, similar to mks-2 mutants (Huang et al, 2011) , take up dye normally (Fig EV1A and unpublished observations) . Moreover, tmem-17 mutants correctly avoid a highosmolarity solution (Fig EV1B) , unlike the chemosensory-defective IFT/BBS mutants (Perkins et al, 1986; Starich et al, 1995; Blacque et al, 2004; Inglis et al, 2009) . Using dye-filling and behavioural (chemosensory) assays, as well as transmission electron microscopy (TEM), we tested these mutants for genetic interactions amongst themselves and other TZ-associated mutants-anticipating potential synthetic (functional) interactions, as observed previously between MKS and NPHP module mutants (Williams et al, 2008 (Williams et al, , 2010 Huang et al, 2011) . tmem-17;nphp-4 double mutants display synthetic dye-filling (Dyf) and chemosensory phenotypes not seen in tmem-17;mks-3, tmem-17;mksr-1, or tmem-17;mks-2 animals (Fig EV1B) , indicating a likely structural defect in the tmem-17; nphp-4 double mutant, as well as assigning TMEM-17 to the MKS module of proteins. Importantly, the Dyf phenotype of both tmem-17; nphp-4 ( Fig EV1A) and mks-2;nphp-4 (Huang et al, 2011) was rescued with their respective TZ-localised GFP translational fusion reporters ( Fig EV2A) . Intriguingly, tmem-138 did not present a synthetic Dyf phenotype with nphp-4, mksr-1, or mks-5 (data not shown); thus, a clear functional association with either MKS or NPHP module remains uncertain for this evolutionarily conserved TZ protein (see also below). We then sought to observe the ciliary ultrastructure of the tmem-17 and mks-2 mutants by TEM. In wild-type animals, TEM crosssections of amphid channel ciliary bundles reveal~3-lm-long distal segments consisting of singlet microtubules, followed by~3-lmlong middle segments containing nine doublet microtubules with internal singlets, followed by~0.8-lm-long TZs exhibiting Y-links connecting doublet microtubules to the membrane, and finally, in the most proximal positions, basal body-associated transition fibres (Perkins et al, 1986) (Fig 2) . The mks-2 and tmem-17 single mutant amphid (head) channel cilia display essentially identical ultrastructures, with no obvious anomalies except one of the 10 axonemes is frequently missing in mks-2 worms. In striking contrast, mks-2; nphp-4 and tmem-17;nphp-4 double mutants exhibit abrogated basal body-TZ attachment to the ciliary membrane, missing Y-links, and many shorter axonemes (Figs EV3 and EV4) . Importantly, the mks-2; nphp-4 double mutant displays TZ defects that are significantly more severe than that of the nphp-4 single mutant, which presents with fewer or reduced Y-links; the TZ defects present in the tmem-17; nphp-4 double mutant appear more severe than the nphp-4 mutant, but to a lesser extent (Fig EV5) . Together, our results suggest that similar to mks-1, mksr-1, mksr-2, mks-3, mks-6, and jbts-14 (Huang et al, 2011; Williams et al, 2011) , both tmem-17 and mks-2 are MKS module components that genetically/functionally interact with the NPHP module. This function is needed to establish correct TZ ultrastructure and "seal" the ciliary compartment by creating essential transition fibre and TZ membrane attachments.
Mapping TMEM-17, TMEM-138, and MKS-2 to a TZ hierarchical organisation
To establish functional relationships between TMEM-17, TMEM-138, and other TZ proteins, we assayed for potential changes in TZ protein localisation in various TZ gene mutants. In wild-type animals and mks-3, mks-6, and nphp-4 mutants, TMEM-17 is tightly associated with the TZ (Fig 1B) . In contrast, TMEM-17 localisation is perturbed in mks-2, mksr-1, mksr-2, and mks-5 mutants, consistent with a functional association with the MKS module (Fig 1B) . Interestingly, TMEM-138 localises normally to the TZ in wild-type, mks-1, mksr-1, mksr-2, mks-2, mks-3, mks-6, and nphp-4 animals, suggesting that it is either a "core" rather than "peripheral" TZ component or, potentially, functionally/physically separate from the NPHP or MKS modules. Yet, TMEM-138 is mislocalised in mks-5 animals ( Fig 1B) -consistent with it being associated with an established "core" TZ protein.
Reciprocal experiments were performed, assessing the localisation of TZ proteins in available tmem-17, tmem-138, and mks-2 mutants. We previously reported that the novel TZ protein JBTS-14 mislocalises in mks-2 animals (Huang et al, 2011) ; similarly, TMEM-17, MKS-1, MKSR-1, MKSR-2, MKS-3, and MKS-6 all require MKS-2 for proper TZ localisation, while NPHP-4 and MKS-5 do not (Fig 1C) . None of the tested TZ proteins require TMEM-17 or ▸ Figure 2 . MKS-5 is required for the formation of transition zone ultrastructure.
A Transmission electron microscopy (TEM) serial cross-section images of wild-type and mks-5(tm3100) amphid channel cilia. Boxed numbers denote proximal positioning of section relative to left-most (anterior) section of the animal. Wild-type amphid channels contain 10 axonemes, each possessing the following: a distal segment (DS) with singlet microtubules (MTs); a middle segment (MS) with doublet MTs and inner singlet MTs; a transition zone (TZ) with Y-link connectors, and doublet MT-associated apical ring; and a basal body/transition fibre (TF) region. mks-5 worms possess grossly normal DSs (although one axoneme is frequently missing), and MSs that frequently display MT singlets and doublets reduced in number and occasionally displaced (see high-magnification images). TZs are not observed in mks-5 worms, replaced instead by abnormal middle segments (labelled "MS?"). TMEM-138 for localisation (Figs 1C and EV1C) . These results, together with our extensive "negative interaction" data (i.e. no effect of the mutants on TZ protein localisation; Fig EV1D) , suggest a hierarchical organisation network for the TZ proteins. Specifically, our data suggests the following assignments: MKS-2 represents a "core" MKS module component, similar to B9 domain proteins (MKS-1, MKSR-1, and MKSR-2), while TMEM-17 appears more "peripheral," like JBTS-14, MKS-3, and MKS-6 (Huang et al, 2011; Williams et al, 2011) ; TMEM-138 is either a core TZ protein "close" to MKS-5 in its hierarchy and/or belongs to a different module that is also MKS-5-associated. Together, the properties of MKS-5 are unique, suggesting it is the major scaffold/assembly factor for all TZ proteins (summarised in Fig 5C model figure, below).
NPHP module proteins require MKS-5 for TZ localisation but not basal body-transition fibre localisation
Since TMEM-17, TMEM-138, and previously reported MKS module proteins all require MKS-5 for TZ localisation, we questioned whether NPHP module proteins are truly localised within a "smaller" TZ region in mks-5 mutants, as we previously suggested , rather than absent from the TZ. In our revised experimental approach, we visualised fluorescently tagged NPHP-1 or NPHP-4 together with the IFT protein CHE-13/IFT57, which marks the basal body-transition fibre region and ciliary axoneme. We discovered that unlike other MKS module TZ proteins, NPHP-1 and NPHP-4 have a dual localisation, not only at the TZ, but also at transition fibres ( Fig 1D) . This secondary localisation is most apparent in the mks-5 mutant, where NPHP-1 and NPHP-4 are clearly absent from the TZ but remain at the transition fibres, co-localising with the IFT protein CHE-13 ( Fig 1D) . Hence, every identified TZ protein in C. elegans requires MKS-5 for correct TZ localisation, implicating it as central organiser or assembly factor of the MKS-NPHP TZ network. Furthermore, the dual localisation of NPHP module components (at transition fibres and TZ) is also a key finding: it is relevant to the redundant roles of MKS and NPHP module components in sealing the ciliary compartment, which we discuss later.
MKS-5 is required for the formation of TZ ultrastructure
Given that MKS-5 is needed for the correct localisation of all TZ proteins, we investigated by TEM analysis whether its absence abrogates TZ ultrastructure. Similar to wild-type animals, we found that mks-5 mutants possess a full complement of amphid channel cilia with grossly normal middle and distal segments, and transition fibres; however, the Y-link and apical ring structures characteristic of the TZ are conspicuously absent (Fig 2) . One seemingly apparent result from this structural defect is a partial disconnection or "loosening" between the axoneme and the proximal-most region of the ciliary membrane. The disconnection, however, is not as severe as what is observed in MKS-NPHP module double mutants (e.g. mks-2;nphp-4; Fig EV4 and Williams et al, 2011) . Critically, this unique mks-5 mutant phenotype, where the TZ is absent, is exacerbated in the nphp-4 mutant background; indeed, not only does the mks-5;nphp-4 double mutant lacks Y-links, but the association between the basal body/TZ region with the ciliary membrane is completely lost, similar to MKS-NPHP double mutants (Fig EV4; Williams et al, 2011) . Together, our TEM findings indicate that MKS-5 is required for TZ ultrastructure formation in and of itself and that anchoring of the basal body and proximal axoneme region to the ciliary membrane also requires the NPHP module component, NPHP-4. These data help clarify the redundant functions of the MKS and NPHP modules in sealing the ciliary compartment, an important finding we discuss later.
Localisation to two distinct foci spanning the TZ suggests an assembly role for MKS-5
Having established that MKS-5 appears to be a key "anchor" or assembly factor for TZ proteins, we wondered whether MKS-5 localisation itself depends on other MKS/NPHP module components. Although MKS-5 localisation appears superficially wild-type in TZ mutants (Fig 3A) , further observations, and with additional TZ mutants, reveal altered localisation patterns. In all MKS module mutants tested, MKS-5 localisation unexpectedly appears as two distinct, roughly symmetrical spots that span the TZ region ( Fig 3A) . We quantified the prevalence of this dual localisation in two MKS module mutants, mks-2 and mks-3 ( Fig 3C) . Not only does the occurrence of two distinct loci correlate with the severity of the mutant (mks-2 mutants show loss of MKS module proteins; Fig 1C) , but it also correlates with the overall length of the MKS-5 signal ( Fig 3B) . Based on these results, we hypothesised that our ability to observe two foci in mutants was because of the presence of a slightly longer TZ in the various mutants; in wild-type animals, the two MKS-5 signals could not be distinguished due to the resolution limits of confocal microscopy. In nphp-1 or nphp-4 single mutants, and nphp-1;nphp-4 double mutants, MKS-5 also displays two foci, as well as an additional small punctum distal to the TZ (Fig 3A) . Since disrupting both A In wild-type worms, tdTomato-tagged MKS-5 localises to the transition zone (TZ) at a single obloid punctum. In the MKS module mutants mksr-1, mksr-2, mks-2, tmem-17, jbts-14, mks-3, and mks-6, as well as the double mutant mks-2;mksr-1, MKS-5 localises to two puncta at the TZ. MKS-5 localisation in the NPHP module mutants nphp-1 and nphp-4 and the double mutant nphp-1;nphp-4 displays another small point of localisation, distal to the TZ along the axoneme (arrowheads). Scale bar: 4 lm. B Mean length of the MKS-5 signal in the wild-type (wt), as well as mks-3 and mks-2 mutant strains. mks-2 mutants have disrupted MKS module protein localisation and are therefore more severe than mks-3, which do not affect localisation of any TZ proteins. The TZ is significantly longer in mks-3 mutants compared to wt, while in mks-2 it is significantly longer compared to either mks-3 or N2. *P < 0.001, t-test, error bars are 95% confidence interval. C Fraction of transition zones displaying two peaks of MKS-5 fluorescence. In wt, none of the TZ confocal images display two peaks. In mks-3 and mks-2 mutants, the proportion with two distinct fluorescence signals was significantly increased compared to wt. mks-2 mutants also showed significantly more TZs with two peaks compared to mks-3. *P < 0.001, chi-square test. D In double mutants with mutations in genes from each of the NPHP and MKS modules, mks-2;nphp-1 and mks-2;nphp-4, most cilia show MKS-5 localised not only to the TZ but often dispersing distally along some cilia. Additional phenotypes observed in these latter double mutants (short dendrite, long cilium, mis-oriented cilium) are shown. cb, cell body. Scale bar: 4 lm. The EMBO Journal Mks5/Rpgrip1L establishes the ciliary gate Victor L Jensen et al modules has synthetic ciliogenesis phenotypes (this study and references Huang et al, 2011; Williams et al, 2008 Williams et al, , 2010 Williams et al, , 2011 , we also introduced the MKS-5 reporter into the mks-2;nphp-1 and mks-2; nphp-4 strains. In both double mutants, MKS-5 is TZ-localised, but displays dual signals and often disperses distally along the axoneme (Fig 3B) . Taken together, our findings point to interdependent associations between MKS-5 and MKS/NPHP module components, such that removing MKS-5 prevents MKS/NPHP proteins from localising to the TZ, whereas disrupting any other TZ protein influences MKS-5 localisation. They also suggest that MKS-5 acts as an assembly factor rather than a scaffold for TZ proteins, a possibility we consider in greater detail in the discussion section.
The MKS-5 coiled-coil domain is sufficient for ciliary localisation and MKS module TZ localisation while NPHP module TZ localisation requires the MKS-5 C2-N domain
Given the central role of MKS-5 in establishing the TZ, we sought to determine which of its domains are needed for its own localisation, and the localisation of MKS/NPHP module components, to the TZ. MKS-5 contains at its N-terminus a large predicted coiled-coil region, followed by two C2 domains and an Rpgr interaction domain (RID) (Arts et al, 2007; Delous et al, 2007; Williams et al, 2011) ( Fig 4A) . Our truncation studies with MKS-5 reveal that removing 1/2 of the (N-terminal-most) coiled-coil region results in weaker TZ localisation, with accumulation at the periciliary membrane ( Fig 4B) . In contrast, MKS-5 lacking the entire coiled-coil region shows no distinct TZ localisation or trafficking to cilia (Fig 4B) . Consistent with these findings, the coiled-coils alone are sufficient for the TZ localisation of MKS-5 (Fig 4B; bottom panels) . We then tested which MKS-5 domains permit TZ localisation of representative MKS and NPHP module components (MKS-2 and NPHP-1, respectively). C-terminal truncations of MKS-5 were expressed in the mks-5 mutant (leaving intact coiled-coils since they confer TZ localisation) and tested for "rescue" of MKS-2 and NPHP-1 localisation. As expected, full-length MKS-5 rescues the localisation of both TZ proteins (Fig 4B) . A truncation construct lacking the RID domain also fully rescues the localisation of both MKS-2 and NPHP-1 (Fig 4B) . Interestingly, a smaller MKS-5 truncation product (lacking C-terminal C2-C and RID domains) rescues the localisation of MKS-2, but not NPHP-1 (Fig 4B) . This latter finding is consistent with a previous report showing physical interaction of the C2-C domain of both Rpgrip1L and Rpgrip1 with Nphp4, which itself is required for Nphp1 localisation in both mammalian cells and C. elegans (Roepman et al, 2005; Winkelbauer et al, 2005; Arts et al, 2007 ). An even smaller MKS-5 truncation product, lacking the two C2 and the RID domains, also rescues the localisation of MKS-2, but not NPHP-1 (Fig 4B) . This construct contains the coiled-coils, indicating that in addition to localising MKS-5 to the TZ, these are sufficient for anchoring/assembling a "core" component of the MKS module.
Mutation of a conserved residue in the C2-C domain of MKS-5 impairs its function
To further explore MKS/NPHP module functional interactions with each MKS-5 domain, we obtained mks-5 missense alleles from the Million Mutation Project (http://genome.sfu.ca/mmp/about.html). Eight alleles were selected based on amino acid change and location to a predicted domain (Fig 4A) . Strains containing the point mutations were crossed with mksr-1 or nphp-4 mutants, and the resulting double mutants were tested for synthetic dye-filling (Dyf) defects indicative of disrupted ciliary structures. While none of the eight mks-5 mutants showed a Dyf phenotype, one was synthetic Dyf with nphp-4 but not mksr-1 (Fig 4C) ; the synthetic Dyf phenotype is rescued by the wild-type MKS-5::tdTomato reporter (Fig EV2C) . This latter mks-5 mutant (gk153561) differs from the mks-5 single null mutant, which is synthetic Dyf with both nphp-4 and mksr-1 (Williams et al, 2011) . Interestingly, the mks-5(gk153561) allele did not perturb NPHP-1, NPHP-2, or MKS-2 localisation, suggesting a functional rather than a direct protein-protein interaction defect in MKS-5 (Fig 4D) . The mutation in the MKS-5 protein, D772N, occurs ina conserved residue within the second C2 domain (Fig 4C) . Modelling its position relative to the synaptotagmin-7 C2 domain crystal structure suggests that the alteration may impair the stability of the b-sandwich, potentially disrupting the presumed Ca 2+ and/or lipid-binding functions of the C2 domain (Nalefski & Falke, 1996) ( Fig 4C) .
MKS-5 establishes a CIZE at the TZ that is required for compartmentalisation of signalling proteins
Given our discovery that MKS-5 is essential for forming the TZ, but not the ciliary compartment per se (Fig 2) , we realised that we could use this to investigate the properties of the TZ and role in creating a The EMBO Journal Mks5/Rpgrip1L establishes the ciliary gate Victor L Jensen et al membrane diffusion barrier ("ciliary gate") in the context of an essentially intact ciliary axoneme. We first compared in wild-type and mks-5 mutant animals the localisation of two G-protein-coupled receptor (GPCR) proteins, ODR-10 and SRBC-66, present in AWB and ASK neuronal cilia, respectively (Sengupta et al, 1996; Kim et al, 2009) (Fig 5A) . We observed one clear difference: both proteins are conspicuously absent from the TZ in wild-type animals-but not in mks-5 mutants, where their localisation extends to the basal body/ transition fibres (Fig 5A) . To reinforce this observation, we analysed two additional cilium-localised signalling proteins, namely NPHP-2 (orthologue of NPHP2/inversin) (Warburton-Pitt et al, 2012) and TAX-4 (cGMP-gated channel related to CNGA1) (Coburn & Bargmann, 1996; Komatsu et al, 1996) (Fig 5A) . Strikingly, these two proteins are also excluded from the TZ in wild-type, but not mks-5 mutant, animals (Fig 5A-C) . Quantification reveals that the ciliary region occupied by NPHP-2 is longer in mks-5 mutants compared to wild type (3.85 lm versus 2.67 lm, respectively; Fig 5D) , suggesting that the proximal ciliary region (axoneme/membrane) normally harbouring the TZ may still be present, but as we show above by TEM (Fig 2) lacks ultrastructure (including Y-links). Together, these findings implicate the presence of what we term the CIZE, a TZ functionality that precludes the localisation of signalling proteins. To confirm that impaired compartmentalisation of signalling proteins in mks-5 animals has functional consequences on cellular signalling, we focussed on the insulin-, cGMP-, and TGF-b-dependent dauer development signalling pathway. Notably, two proteins we show are localised incorrectly to the TZ in mks-5 animals (Fig 5A) , namely TAX-4 (cGMP-dependent channel) and SRBC-66 (dauer pheromone-specific GPCR), are required for cilia-dependent dauer pheromone sensation/signal transduction Macosko et al, 2009 ). Indeed, we observe a previously unreported dauer pheromone sensory defect in mks-5 mutants (Fig 5E) . Our finding is consistent with impaired ciliary GPCR and cGMP signalling, which dauer pheromone olfactory signalling depends on. It also supports the reported chemotaxis defect of mks-5 animals to several odours (Liu et al, 2011) , which also signal through GPCR and cGMP pathways. Importantly, our results parallel those reported for the abrogated Hedgehog signalling defects present upon disruption of TZ proteins in mammals Chih et al, 2012; Thomas et al, 2012) .
Loss of MKS-5 alters IFT velocity at the TZ
Given that the mks-5 mutant lacks a TZ but contains a largely intact axoneme, we sought to determine what effect this might have on IFT machinery, which normally transits from the basal bodytransition fibres through the TZ to the tip of the cilium, and back. Using a CHE-13::YFP reporter, we analysed the IFT velocity and flux in the TZ and middle segment of cilia in both wild-type and mks-5 mutants. We show for the first time that in wild-type cilia, IFT exhibits an average velocity of 0.39 lm/s within the TZ (first 0.8 lm of the ciliary axoneme; Fig EV2D) and accelerates to the previously reported~0.7 lm/s in the middle segment. These findings suggest an effect on the IFT machinery by the TZ. Consistent with this possibility, IFT velocity shows a statistically significant increase at the TZ region of the mks-5 mutant (to 0.49 lm/s) and a decrease at the middle segment (to 0.63 lm/s), possibly indicating a change in the TZ/ciliary environment (Fig EV2D) . Despite the difference in observed velocity, no difference in IFT flux (particles/minute) was observed between wild-type and mks-5 mutant cilia (Fig EV2E) . Hence, MKS-5 and/or other TZ proteins influence IFT behaviour (velocities), possibly through interaction with TZ proteins (Zhao & Malicki, 2011) , and/or a difference in motility within a specific lipid micro-environment (see below). Yet, IFT flux remains the same, which may explain why there are no gross defects in ciliary axoneme structure in mks-5 mutants.
PIP 2 is enriched at the periciliary membrane compartment and excluded from the cilium in an MKS-5-dependent manner
The presence of a CIZE, representing a membrane diffusion (exclusion) barrier at the TZ, suggests two possibilities. One is that there is a proteinaceous gate, which restricts the free diffusion of lipidassociated and transmembrane proteins across the TZ. Such a gate could function in a manner similar (or complementary) to that proposed for the septin-based gate at the base of cilia (Hu et al, 2010; Reiter et al, 2012) . The other possibility, not mutually exclusive, is a differential lipid composition at the TZ that preferentially excludes membrane-associated proteins (Trimble & Grinstein, 2015) . We chose to probe the latter possibility, given that virtually all TZ proteins are membrane associated-containing transmembrane domains (Mks2/ Tmem216, Mks3/Tmem67, Tmem138, Jbts14/Tmem237), or lipidbinding C2 (Mks5, Mks6, Nphp1, Nphp4) and related B9 (Mks1, Mksr1/B9d1, Mksr2/B9d2) domains (Zhang & Aravind, 2012) .
To study such a TZ "lipid gate" function, we sought to identify a lipid marker that was largely excluded from the TZ in wild-type animals and potentially free to enter this region in the absence of a functional TZ. We first tested the fluorescent lipophilic dye, DiI, which enters via exposed ciliated sensory neuron endings ◀ Figure 5 . A ciliary zone of exclusion (CIZE) established by MKS-5 compartmentalises signalling molecules to the more distal regions of the axoneme and is required for efficient signal transduction (dauer formation).
A EGFP-tagged SRBC-66 and ODR-10 both localise to the entire axonemes of ASK and AWB neuron cilia, respectively, and are excluded from the TZ in wild type (wt); these markers occupy the entire cilium, including the TZ, in mks-5 mutants. TAX-4 and NPHP-2, orthologues of the cyclic nucleotide-gated channel CNGA1 and NPHP2/inversin respectively, which are found in the inversin (Inv) compartment in wt, also localise to the TZ in mks-5 animals. NPHP-2::EGFP was co-localised with XBX-1::tdTomato and are shown in the phasmid cilia while TAX-4::EGFP is shown in amphid cilia. den, dendrite; TZ, transition zone; BB, basal body; arrowheads indicate gap is present; * indicates no gap. Scale bars: 4 lm. B Quantification of cilia observed to have a clear gap in signal (i.e. CIZE) at the TZ in wt animals compared to mks-5 mutants for the ODR-10, SRBC-66, and NPHP-2 protein markers. *P < 0.001, chi-squared test. C Schematic depicting the CIZE, which excludes signalling proteins from the TZ in wt animals but not mks-5 animals, which lack TZ ultrastructure. D NPHP-2 signal length is longer in mks-5 animals compared to wt, consistent with the presence of an axonemal region that lacks TZ ultrastructure. *P < 0.001, t-test, error bars are standard deviation. E The mks-5 mutant displays a dauer formation phenotype compared to wild-type when presented with synthetic ASCR#2 dauer pheromone. ASCR#2 is detected by the SRBC-66 G-protein-coupled receptor, and downstream signalling includes the cGMP-dependent channel, TAX-4. *P < 0.001, chi-square test.
Victor L Jensen et al Mks5/Rpgrip1L establishes the ciliary gate The EMBO Journal (Hedgecock et al, 1985) . Interestingly, DiI staining was restricted to the proximal region of cilia, encompassing the TZ and middle segment (Fig 6A) . Like the lipidated membrane proteins ARL-13 and NPHP-2/inversin (Cevik et al, 2013) , DiI is not detectable in the distal segment (Fig 6A) . Hence, there is a lipid barrier or gate at the interface between the middle and distal ciliary segments that may restrict membrane proteins/lipids from entering or being retained within the distal segment. Since DiI could not be used to probe the gating function of the TZ, we chose to test a reporter for the phosphoinositide PI(4,5)P 2 (abbreviated PIP 2 ). In Trypanosoma brucei, PIP 2 is found in the flagellar pocket region and excluded from flagella (Demmel et al, 2014) ; in C. elegans, PIP 2 is implicated in ciliary targeting of receptor proteins (Bae et al, 2009 ). We used a reporter specific for PIP 2 (PH domain of PLCd1 fused to GFP), expressed in different cell types: one, under the control of a pan-ciliated-neuron promoter (bbs-8), and the other, under control of a male-cilia-specific promoter (pkd-2) (Bednarek et al, 2007; Bae et al, 2009 ). We found PLCd1-PH-GFP to be highly concentrated near the ciliary base (Fig 6B and C) . To assess the specific localisation of this PIP 2 -enriched membrane region, we co-expressed MKSR-2::tdTomato (TZ-localised), XBX-1:: tdTomato (basal body-and whole cilium-localised), or TRAM-1:: tdTomato (periciliary membrane-localised) together with the PIP 2 reporter.
In wild-type animals, PLCd1-PH-GFP is most strongly localised at the periciliary membrane compartment (PCMC) and displays some localisation along distal dendrites. The PCMC in C. elegans is analogous to the ciliary pocket in mammals and the flagellar pocket in T. brucei (Molla-Herman et al, 2010; Demmel et al, 2014) . Using ciliary co-markers, we observe that PIP 2 extends into the basal body/transition fibre region, but decreases through the TZ, and is largely excluded from the cilium (Fig 6B and C) . In contrast, disruption of the TZ in the mks-5 mutant results in prominent PIP 2 enrichment along the entire length of the cilium, in addition to its localisation at the PCMC and basal body (Fig 6B and C) . Together, these findings reveal a specific lipid enrichment of PIP 2 in the PCMC and basal body region, which decreases progressively at the TZ and is largely excluded from the more distal ciliary region; MKS-5 and perhaps more generally, the TZ, is essential in maintaining this PIP 2 distribution.
Discussion
In this study, we demonstrate that C. elegans MKS-5 (mammalian Rpgrip1L/Rpgrip1 orthologue) plays an essential role in building a ciliary transition zone (TZ) that compartmentalises signalling proteins and acts to exclude the phosphoinositide PIP 2 from the cilium. MKS-5 is required for the correct localisation of all known C. elegans TZ proteins-including NPHP-1, NPHP-4, and two others not previously characterised in the nematode (TMEM-17 and TMEM-138); moreover, MKS-5 is essential for the formation of TZ ultrastructure, including Y-shaped axoneme-to-membrane connectors (Fig 7A) . We also show that MKS-5, possibly via other TZ components, establishes a CIZE that compartmentalises signalling proteins distally within the axoneme and excludes the PIP 2 from the cilium, which is normally enriched in the periciliary membrane (Fig 7A and D) . Importantly, the CIZE likely exists in mammalian cilia. For example, the signalling proteins adenylate cyclase 3, polycystin-2/PKD2 (TRP cation channel), Hedgehog-associated smoothened GPCR, and somatostatin receptor 3 all appear to localise distally to the TZ Chih et al, 2012) . The localisation of another mammalian ciliary protein, Arl13b, was recently shown to not overlap with Rpgrip1L (Cevik et al, 2013) . The same holds true for rhodopsin, which is excluded from the photoreceptor TZ (i.e. "connecting cilium") and concentrated in the distal region of the axoneme (outer segment; see, e.g. Keady et al, 2011) .
Assessing whether abrogation of mammalian Mks5/Rpgrip1L disrupts the TZ and causes leakage of signalling proteins into the TZ (CIZE), as well as in and/or out of cilia, will be important; however, one will need to bear in mind that mammals possess two related proteins, Rpgrip1 and Rpgrip1L, with likely redundant/ overlapping roles (Arts et al, 2007; Delous et al, 2007; Coene et al, 2011) . Loss of Rpgrip1 and Rpgrip1L both result in retinal ciliopathies, although disrupting Rpgrip1L causes more severe, multisystemic ciliopathies (Khanna et al, 2009; Coene et al, 2011) . Nevertheless, loss of Rpgrip1 results in "ruffling" of the membrane connections at the photoreceptor connecting cilium (TZ), as well as partial loss of Y-links (Patil et al, 2012) -both phenotypes being reminiscent of what we observe in the C. elegans mks-5 mutant (partial disconnection of the membrane and axoneme) and MKS-NPHP double TZ mutants (complete disconnection) (Figs 2, EV3 and EV4; Williams et al, 2011) . Further evidence of a functional redundancy between Rpgrip1L and Rpgrip1 is that both proteins bind NPHP4 at their C2-C domain (Roepman et al, 2005; Arts et al, 2007) ; the same domain we show in C. elegans MKS-5 is required for proper TZ localisation of NPHP-1, whose localisation itself depends on NPHP-4 (Fig 4B) . Furthermore, just as C. elegans NPHP-4 is missing from the TZ in mks-5 mutants ( Fig 1D) ; Patil et al (2012) observed loss of NPHP4 from Rpgrip1 mutant photoreceptor cilia. Finally, Rpgrip1L also has many ciliopathy-modifying alleles, including a heterozygous allele in a patient with Leber's congenital amaurosis homozygous for a premature stop in Rpgrip1 (Khanna et al, 2009) . Hence, we hypothesise that removing the sole Rpgrip1/Rpgrip1L-related protein in C. elegans (MKS-5) models the disruption of both Rpgrip1 and Rpgrip1L, where we would predict a complete loss of TZ ultrastructure and function in mammalian cilia.
It is unclear how the TZ establishes a CIZE that acts as a membrane diffusion barrier ("ciliary gate") which regulates the exit, and entry, of ciliary signalling proteins (Craige et al, 2010; Williams et al, 2011; Garcia-Gonzalo et al, 2011; Chih et al, 2012; Reiter et al, 2012; Garcia-Gonzalo & Reiter, 2012; Roberson et al, 2015; Fig 7A and D) . Our finding that the phosphoinositide PIP 2 is largely excluded from cilia through the function of MKS-5 provides clues regarding a potential functional mechanism. Specifically, the TZ may harbour a specialised lipid domain that restricts the free diffusion of membrane-associated proteins and lipids such as PIP 2 . This could explain our observation of a CIZE devoid of transmembrane proteins (GPCRs, CNG channel) as well as a lipidated protein, ARL-13, observed by Cevik et al (2013) to be excluded from the TZ in both C. elegans and mammalian cilia. Indeed, ARL-13 freely diffuses within the distal part of the axoneme, as expected, but not across the TZ and into the periciliary membrane-unless TZ ultrastructure is missing (i.e. in the mks-5 and mks-2;nphp-4
The A Co-localisation of the red fluorescent lipophilic dye DiI and OSM-5, a component of the IFT-B complex. GFP-tagged OSM-5 marks the basal body (BB), transition zone (TZ), and entire length of the amphid cilia axoneme. DiI co-localises with only the proximal or middle segment (MS) portion of the OSM-5 localisation, showing an exclusion of the dye from the distal segment (DS). This indicates that there is a barrier to DiI accumulation in the distal segment. Scale bar: 4 lm. B Co-localisation of GFP-tagged PLCd-PH with tdTomato-tagged XBX-1 in the male tail rays shows enrichment, at the PCMC in wild-type animals (top panels, differential interference contrast (DIC) microscopy of male tail rays 8 and 9). In mks-5 mutants, most male tail cilia display PIP 2 probe signal extending distally into the cilium. Scale bar: 4 lm. C Co-localisation of GFP-tagged PLC-d-PH with MKSR-2 and TRAM-1 within phasmid cilia. MKSR-2 marks the TZ, and TRAM-1 marks the PCMC. In wild-type animals, the majority of the PIP 2 probe signal localises to the PCMC and decreases in signal intensity distally into the cilium across the TZ. In mks-5 mutants, which lack an identifiable TZ, the PIP 2 probe signal extends distally into the cilium. Shown in the graphs are the quantification of ten cilia for each strain indicated; error bars are median absolute deviation and dots indicate P-values (small: P < 0.05, medium: P < 0.01, large: P < 0.001, Kruskal-Wallis test). In the mks-5 mutant, PIP 2 ectopic ciliary localisation is observed simultaneously with TRAM-1 leaking into the cilium, as well as MKSR-2 delocalisation, as previously reported ( The EMBO Journal Mks5/Rpgrip1L establishes the ciliary gate Victor L Jensen et al mutants) (Cevik et al, 2013) . Such a membrane/lipid diffusion barrier could work hand-in-hand with the septin barrier or gate that exists at the base of cilia, in proximity to the TZ (Hu et al, 2010) . Indeed, Chih et al (2012) presented evidence for such a possibility. Previous studies have implicated PIP 2 phosphoinositides in association with cilia. These include deflagellation in Chlamydomonas (Quarmby et al, 1992) , localisation of two PIP 2 5 0 phosphatases (OCRL1 and INPP5E/JBTS1) to cilia Coon et al, 2012) , and detection of PIP 2 in Paramecium as well as scallop cilia (Stommel & Stephens, 1985; Suchard et al, 1989) . Using MKSR-2, TRAM-1, and XBX-1 as co-markers, we show that in C. elegans, PIP 2 is enriched at the periciliary membrane and basal body region (Fig 6B and C) , similar to that observed in trypanosomes (Demmel et al, 2014) . The function of PIP 2 may be structural, for instance by creating a specific membrane composition and binding a specific C2 domain (Evans et al, 2006) , and/or part of a signalling cascade as was shown for Chlamydomonas deflagellation where PIP 2 is catalysed to IP3 and DAG in the promotion of deflagellation just distal to the TZ (Quarmby et al, 1992) .
Another intriguing possibility is that PIP 2 functions specifically at the ciliary base in membrane protein transport. This hypothesis is based on the recent finding that TULP3, which is associated with the intraflagellar transport (IFT) subcomplex A, requires PIP 2 to transport GPCRs to cilia (Mukhopadhyay et al, 2010) . Given that PIP 2 is enriched near the basal body, where the IFT complex is assembled (Deane et al, 2001; Williams et al, 2011) , PIP 2 -associated cargo within the IFT "train" would be stabilised/retained and then, upon encountering the more distal region of the axoneme lacking (or with reduced) PIP 2 , would be released (Fig 7E) . Although Mukhopadhyay and colleagues speculate that PIP 2 is hydrolysed to IP3 and DAG in this process, it is also possible that the cilium-localised INPP5E 5-phosphatase-which catalyses PIP 2 to PI4P and whose loss of function phenocopies mutations in other TZ genes (causative in Joubert syndrome and related disorders)-could be part of the mechanism regulating PIP 2 abundance within the cilium. Another cilium-localised 5-phosphatase ciliopathy protein, OCRL1 (and its paralogue INPP5B), could play a role similar or complementary to that of INPP5E in breaking down PIP 2 (Coon et al, 2012; Luo et al, 2012 Luo et al, , 2013 . The mobilisation of cargo across the TZ by IFT might be further regulated by direct interactions between IFT proteins and specific TZ components Zhao & Malicki, 2011; Reiter et al, 2012) . Our finding of an MKS-5-dependent reduced IFT velocity within the TZ relative to the more distal portion of the axoneme (Fig EV2) may be consistent with such TZ-IFT protein interactions. Alternatively, or in addition, a different lipid composition coincident with the CIZE within the TZ may help explain this effect on the membraneassociated IFT particles.
Intriguingly, there appears to be a strong connection between regulation of PIP 2 and Joubert syndrome. As discussed above, loss of any one of many TZ proteins (including MKS5/RPGRIP1L) results in Joubert syndrome, as does loss of the PIP 2 phosphatase INPP5E or ARL13B/arl-13, which is required for proper ciliary localisation of INPP5E (Cantagrel et al, 2008; Bielas et al, 2009; Humbert et al, 2012) . Furthermore, INPP5E ciliary localisation itself depends on at least one TZ protein, TMEM231 (Roberson et al, 2015) . Given the importance of PIP 2 in ciliary receptor trafficking (Mukhopadhyay et al, 2010) , ciliary signalling (Quarmby et al, 1992) , and roles in membrane shape/structure/ connection to the cytoskeleton (Czech, 2000) , it seems likely that loss in the regulation/distribution of PIP 2 plays a central role in ciliopathies such as Joubert syndrome.
In addition to extending the functional localisation/interaction network or "hierarchy" of TZ proteins (Fig 7C) and providing insights into possible ciliary transport mechanisms, our findings also help elucidate the role of MKS/NPHP-associated proteins in ciliogenesis. Our previous model ascribed redundant roles for MKS and NPHP module proteins in basal body docking at the membrane, ◀ Figure 7 . Model for how MKS-5 (mammalian Rpgrip1L/Rpgrip1) acts as an assembly factor for MKS and NPHP module components in building a transition zone (TZ) that compartmentalises signalling proteins within the ciliary organelle.
A Summary depicting role of MKS-5 in forming a TZ that helps limit ciliary PIP 2 concentration and compartmentalises signalling to the distal ciliary region. MKS and NPHP module components are shown in yellow and green, respectively, and MKS-5 in red. Inset shows organisational hierarchy of TZ proteins, with MKS-5 playing a central role in assembling two distinct modules (MKS and NPHP); arrows indicate requirement for particular TZ proteins in localising other(s) to the TZ (e.g. MKS-5 is required for correct NPHP-4 localisation), and white circles on arrowheads denote new functional interactions uncovered in this study. B Model to explain the redundant functions of the MKS and NPHP modules in basal body docking, formation of the TZ, and sealing of the ciliary compartment. MKS module components operate at the TZ, whereas NPHP module proteins act at the TZ and basal body-transition fibres. Loss of either module impairs the ciliary gate but does not severely impact TZ formation or ciliogenesis; disruption of both affects the "seal" formed between the transition fibres/TZ and ciliary membrane. C Two models for the role of MKS-5 in TZ assembly during ciliogenesis. Different stages shown are separated by arrows and lead to a mature (fully formed) TZ at the bottom. Left: MKS-5 acts as a structural anchor ("scaffold") for MKS/NPHP module components to build TZ ultrastructure (including Y-links) constructed from MKS and NPHP module components. In this model, MKS-5 is a scaffold at each TZ Y-link structure (green). Right: MKS-5 acts as an assembly factor ("chaperone") in assembling MKS/NPHP module components. In this model, MKS-5 borders the forming TZ as it assists in the assembly of the Y-links using MKS/NPHP module components. D Distinct lipid domains help establish a CIZE at the TZ, and compartmentalise signalling proteins within the ciliary organelle. The phosphoinositide PI(4,5)P 2 (PIP 2 ) is enriched at the periciliary membrane and displays much reduced concentrations towards the distal ciliary region. Likely diffusion barriers are shown as orange double-headed arrows. The lipophilic dye DiI is excluded from the distal segment (DS) consisting of singlet microtubules (MTs), defining another lipid environment. The so-called inversin (inv) compartment, which contains inversin and other signalling proteins, represents the region between the two likely different lipid domains, at the TZ and DS. E Potential role of PIP 2 in the trafficking of ciliary GPCRs. Interactions between GPCRs and IFT machinery (via TULP3; Mukhopadhyay et al, 2010) are stabilised by the high concentration of PIP 2 at the periciliary membrane-basal body region (the site of IFT machinery assembly), and weakened distal to this domain, causing cargo release and retention within the cilium by the CIZE. The ciliary inositol polyphosphate 5-phosphatases INPP5E and OCRL1 may participate in reducing PIP 2 concentrations by hydrolysing PIP 2 to PI4P within the cilium. The anterograde IFT machinery is shown moving from its site of docking/assembly through the TZ and into the distal regions of the cilium (retrograde transport is not shown).
Victor L Jensen et al Mks5/Rpgrip1L establishes the ciliary gate The EMBO Journal prior to or coincident with IFT-dependent axoneme extension Reiter et al, 2012) . Our new findings provide a plausible molecular explanation for this functional redundancy, first described by Williams et al (2008) and supported in Williams et al (2011) (Fig 7B) . In brief, we show that NPHP-1 and NPHP-4 localise to and function at two distinct regions that make membrane connections: the basal body-associated transition fibres and TZ (Fig 1E) . Disrupting the NPHP module does not impair basal body docking to the membrane (Jauregui et al, 2008) , likely because the TZ (still containing MKS module proteins) provides a sufficiently strong membrane anchor that is known to form in early ciliogenesis. Disrupting the MKS module (i.e. in single TZ mutants) also permits basal body anchoring ( Figs EV3 and EV4) , ostensibly because the NPHP module acts at the transition fibres and TZ to stabilise basal body-membrane connections. Complete removal of the TZ (as in the mks-5 mutant) corroborates these findings; although both MKS and NPHP modules are lost from the TZ, NPHP-1/NPHP-4 remains at transition fibres, likely promoting the basal body anchoring to the membrane we observe in the mks-5 mutant (Fig 7B) . It is notable that a comparable scenario is described for the mammalian Rpgrip1 mutant, where the Y-links appear to be missing from the distal TZ/ connecting cilium, causing disconnection or "ruffling" of the TZ membrane, but the basal body is properly anchored (Patil et al, 2012) . Thus, our model describing the functional redundancy between MKS and NPHP module proteins (Fig 7B) , organised by MKS-5 (Rpgrip1L/Rpgrip1), is likely relevant to mammalian ciliogenesis, and ciliary gate formation.
A surprising discovery made during the course of our studies is that in all TZ mutants, the localisation of MKS-5 is altered from the obloid shape in wild type of~0.7 lm in length to two distinct puncta spanning a length of~1 lm (Fig 3) , something not observed for numerous other TZ proteins (Fig 1) . This finding, which implies that MKS-5 does not necessarily co-localise with other TZ proteins, leads us to question whether MKS-5 is strictly a scaffold that is part of the Y-links, and hence acts as a structural anchor for other TZ proteins. The loss of Y-links we observe in an mks-2;nphp-4 double mutant (Fig EV4) , which occurs despite MKS-5 still localising to the TZ (Fig 3A) , is also consistent with the notion that MKS-5 is not a major structural component of the Y-links. The dual localisation pattern of MKS-5 may not be observed by conventional confocal microscopy in wild-type animals due to the lack of resolving power, but can be gleaned in a TZ mutant where the TZ is significantly longer (Fig 3A) . Immunogold staining of Rpgrip1 supports this hypothesis, since the protein localises not along the length but to both ends of the connecting cilium (TZ) in photoreceptor cilia (Patil et al, 2012) . Based on these findings, we propose a potential new model for MKS-5 protein function, namely that it acts not as a scaffold for TZ proteins, but rather, as an assembly factor (Fig 7) . Whether MKS-5 operates as a "molecular chaperone" (meaning it is not part of the final structure, e.g. Y-links) will be difficult to ascertain biochemically, although additional localisation experiments by immunogold staining and super-resolution microscopy should help clarify the question of whether MKS-5/Rpgrip1/Rpgrip1L is part of the Y-link assembly or not.
In conclusion, our work provides novel insights into the role of C. elegans MKS-5 in forming a functional TZ membrane diffusion barrier that compartmentalises signalling proteins within cilia. Further molecular analyses of Rpgrip1L and Rpgrip1 should help to reveal comparable roles for the mammalian proteins in TZ biogenesis and function, with important implications for understanding signal transduction pathways (e.g. Hedgehog signalling) and vertebrate development. Our studies also bring into focus the function of MKS-5 and the TZ in excluding PIP 2 from cilia, potentially acting as a lipid "gate" that likely has important implications for the trafficking of ciliary proteins. Our findings also help link, in a general manner, the TZ and PIP 2 distribution to ciliopathies such as Joubert syndrome.
Materials and Methods
Caenorhabditis elegans strain construction and imaging All strains were maintained and cultured as previously described (Brenner, 1974) . Strains with the following mutations were obtained from the C. elegans Gene Knockout Consortium (http://celeganskoconsortium.omrf.org/), the National Bioresource Project (http:// shigen.lab.nig.ac.jp/c.elegans/index.jsp) and the Caenorhabditis Genetics Center (www.cbs.umn.edu/CGC/) and outcrossed to wild type (N2) a minimum of four times: tmem-17(gk177766) (Q23stop), tmem-138(tm5624) (331-bp deletion plus 12-bp insertion, which deletes the first 45 codons and part of the upstream regulatory region), mksr-1(ok2092), mksr-2(tm2452), mks-5(tm3100), mks-3 (tm2547), mks-6(gk674), jbts-14(gk287997), nphp-1(ok500), and nphp-4(tm925). mks-2(nx111) was previously reported as a deletion of the entire coding region (Huang et al, 2011) . GFP-tagged protein constructs were introduced into listed genetic backgrounds by standard C. elegans mating methods. Genotyping of the strains generated was performed by single-worm PCR. GFP-tagged TMEM-17, and TMEM-138 translational reporters were constructed by including the native promoter, all the introns and exons fused in-frame to EGFP. The ppkd-2::PLCd-PH::GFP was previously reported (Bae et al, 2009) , and the pbbs-8::PLCd-PH::GFP was generated by adding the 341-bp upstream sequence of bbs-8 to the coding sequence of the PLCd-PH::GFP and UTR previously reported (Bednarek et al, 2007) . Transgenic C. elegans strains were created for the reporters, and subcellular localisation by fluorescence microscopy was ascertained as described (Inglis et al, 2009) . A minimum of 50 individual worms were analysed for each strain displaying a mislocalisation phenotype. Strains were anaesthetised with 10 mM levamisole in M9 buffer, mounted slides with 2% agarose pads, and observed by epifluorescence or spinning-disc (WaveFX; Quorum Technologies) confocal microscopy performed on an Zeiss Axio Observer Z1 with a Hamamatsu 9100 EMCCD camera. Image capture and visualisation were performed on Volocity (PerkinElmer).
Caenorhabditis elegans phenotypic assays for ciliary structure, chemosensation, and dauer pheromone sensation Defective osmotic avoidance was assayed as described using five individuals per ring of 8 M glycerol for 10 min. Externally exposed ciliated sensory neurons were filled with DiI as described previously (Inglis et al, 2009 ). Pheromone sensation assays were performed as The EMBO Journal Mks5/Rpgrip1L establishes the ciliary gate Victor L Jensen et al described using ASCR#2 . The length of NPHP-2:: GFP signals in wild-type and mks-5 mutants was measured using Volocity software.
Transmission electron microscopy (TEM)
TEM analyses were performed on young adult worms as previously described .
mks-5 missense allele screen
Specific missense mutations were selected based on the amino acid change (non-conservative) and location to predicted protein domains. The alleles selected, namely mks-5(gk153546), mks-5 (gk153548), mks-5(gk153549), mks-5(gk153554), mks-5(gk153556), mks-5(gk153560), mks-5(gk153561), and mks-5(gk153565), were obtained from the C. elegans Gene Knockout Consortium. All eight alleles were crossed to nphp-4(tm925) heterozygous males and mksr-1(ok2092) hemizygous males. F1 progeny were singly cloned, allowed to lay eggs, and PCR-tested for either the nphp-4 or mksr-1 mutations. Those heterozygous for nphp-4 or mksr-1 were selected, and their progeny were dye-filled with DiI as noted above. F2 progeny that were Dye-filling (Dyf) defective were singly cloned, and their progeny (F3) were tested for Dyf phenotypes. Only those that gave 100% Dyf progeny in the F3 and F4 generations were kept and genotyped. Only mks-5(gk153561) crossed with nphp-4 gave inherited Dyf phenotypes, and four separate F2 progeny were found to have a persistent Dyf phenotype in the F3 and F4 generations. All four proved to be homozygous for both mks-5(gk153561) and nphp-4(tm925) by single-worm PCR. The rescue strain was created by transforming the mks-5(gk153561); nphp-4(tm925) double mutant with the MKS-5::tdTomato translational reporter.
MKS-5 truncation analyses
Truncated, fluorescently tagged MKS-5 constructs were created by PCR stitch on the previously reported MKS-5::tdTomato construct , connecting the pre-truncated PCR product, including the native mks-5 promoter, to the post-truncation sequences, including tdTomato and unc-54 3 0 UTR. Truncations include deletion of the following amino acids: 2-241 (removes the first four predicted coiled-coils), 2-566 (removes all eight coiledcoils), 878-1306 (removes the RID), 697-1306 (removes the C2-C and RID), and 565-1306 (removes C2-N, C2-C, and the RID). Transgenic worms were created using the truncation constructs cotransformed with the specified ciliary co-markers.
Fluorescence intensity, transition zone length, and dual localisation measurements
Fluorescence intensity and length of the MKS-5::tdTomato signals were measured using the program Volocity and drawing a line longitudinally through the TZ or periciliary membrane compartment (PCMC) to MS for PIP 2 comparisons. Images were excluded if any pixels were saturated. Length was calculated from the proximal to the distal pixels that were higher than 50% of the maximum intensity for each individual TZ. To determine the number of TZs with dual localisation, the intensity profiles were inspected for number of local maxima.
Expanded View for this article is available online:
http://emboj.embopress.org
